This paper presents the simulator study of a two-terminal HVDC system. The various AC system faults to which the study system is subjected are a) remote-three-phase ground fault, b)single-phase-ground fault and clthreephase-ground faults. These faults are applied both at the rectifier and inverter ends. The results of the simulator study are presented to demonstrate the controller performance in the recovery of HVDC link following AC system faults.
INTRODUCTION
High Voltage Direct Current (HVDC) has emerged as a viable alternative to AC for long distance bulk power transmission and interconnection of power systems. The economic design and optimal operation of a HVDC system requires the detailed investigation of the dynamic performance of the system both under steady state and transient conditions. The tools which are commonly employed for investigating the dynamic behaviour of the HVDC system are i ) HVDC simulator (physical models) and ii) digital simulation programs. Although digital simulators offer significant benefits in terms of cost and flexibility, HVDC simulators on the other hand offer distinctive advantages in terms of realistic controller models and real time simulation. This paper presents the simulator study of the recovery of a two-terminal HVDC link following AC system faults. The HVDC simulator available at the Central Power Research
Institute (CPRI) Bangalore, is used for this purpose.
SYSTEM DESCRIPTION
The one-line diagram of the system under study, adapted from 1 1 1 , is shown in Fig.1 .
The system under study is a monopolar, 12-pulse system, in which, the rectifier as well as the inverter terminals are represented. The AC network supplies the converter through two converter transformers, one with wye-wye connection and the other with wye-delta connection. In order, to suppress harmonics, filters are provided both on the AC and DC sides of the converter.
DESCRIPTION OF SYSTEM MODELS IN THE

SIHULATOR
.
The HVDC simulator availaBle at CPRI, 1s a scaled down model of a HVDC plant and has the capability to model a bipolar HVDC transmission system. The DC simulator consists of miniature models of converter transformers, 12-pulSe converter units and a large number of inductors with provision for external connection of resistors and capacitors to enable the modelling of transmission lines and filter circuits.
The synchronous generator is represented by analog electronic circuit models. The simulator is rated 8 W and 40V per 12-pulse converter. This low power level makes it possible to use electronic circuits to compensate for the losses in order to obtain the simulation of realistic systems.
The HVDC simulator has full size plant control system, which includes the converter control and pole control. The functions o f the converter control are to generate and control firing pulse to the thyristor valves, to provide converter protection and to start and stop the converter in the correct sequence. The pole control in addition to generating thc current order, provides protection at the pole level. The hardware of the converter and pole control is realised by using programmable micro-computers.
A detailed description of the various facilities available on the simulator are described in 121, while the models employed for this study are given in [ 3 ] .
SCALING PROCEDURES ON THE SIMULATOR
To represent an actual system or station on the simulator, all station quantities need to be scaled down to simulator quantities using the relation Station quantity * S = Simulator quantity ( 1 )
where S is the relevant scaling factor For the purpose of scaling, the entire HVDC network can be divided-into 7 regions. These regions are: c u r r e n t a n d i m p e d a n c e ( d e n o t e d a s S p r sv, S i a n d S, r e s p e c t i v e l y ) c a l c u l a t e d u s i n g e q u n . ( l ) f o r t h e d i f f e r e n t r e g i o n s o f t h e s t u d y s y s t e m o f f i g . 1 a r e g i v e n i n Appendix-B.
STUDIES PERFORMED ON THE HVDC SIMULATOR
The v a r i o u s AC s y s t e m f a u l t s t o w h i c h t h e s t u d y s y s t e m i s s u b j e c t e d a r e r e m o t e t h r e ep h a s e -g r o u n d f a u l t , s i n g l e -p h a s e -g r o u n d f a u l t a n d t h r e e -p h a s e -g r o u n d f a u l t a t t h e c o n v e r t e r b u s .
T h e s e f a u l t s a r e a p p l i e d b o t h a t t h e r e c t i f i e r a n d i n v e r t e r s i d e . T h e s e s t u d i e s w e r e c a r r i e d o u t by u s i n g t h e a c t u a l HVDC c o n t r o l l e r s a v a i l a b l e o n t h e s i m u l a t o r .
RESULTS AND DISCUSSIONS
F o r e a c h o f t h e t r a n s i e n t c a s e c o n s i d e r e d a b o v e , p l o t s o f a ) r e c t i f i e r f i r i n g a n g l e , r e c t i f i e r DC c u r r e n t , r e c t i f i e r DC v o l t a g e , r e c t i f i e r b u s v o l t a g e ( A -p h a s e ) , a n d b ) i n v e r t e r gama, i n v e r t e r DC c u r r e n t , i n v e r t e r DC v o l t a g e , i n v e r t e r b u s v o l t a g e ( A -p h a s e ) a r e g i v e n . I 
t i s t o be n o t e d t h a t f o r e a c h f a u l t c a s e c o n s i d e r e d b e l o w , t h e r e c t i f i e r a n d i n v e r t e r s i d e p l o t s w e r e n o t r e c o r d e d a t t h e same i n s t a n t s o f t i m e . A l s o , i n o b t a i n i n g t h e s e p l o t s , a p o i n t o n t h e wave s e l e c t o r w a s n o t u s e d .
Remote-Three-Phase-Ground F a u l t
A r e m o t e t h r e e -p h a s e -g r o u n d -f a u l t was s i m u l a t e d by g r o u n d i n g a l l t h e t h r e e p h a s e s o f t h e
c o n v e r t e r AC b u s t h r o u g h 100 ohm r e s i s t a n c e s .
The d u r a t i o n o f t h e G a u l t was 1 0 c y c l e s . T h i s f a u l t was a p p l i e d a t t h e r e c t i f i e r a n d i n v e r t e r e n d s .
R e m o t e -t h r e e -p h a s e -g r o u n d f a u l t a t r e c t i f d e r R e s u l t s o f t h i s t r a n s i e n t s t u d y a r e shown i n f i g s . 2 a n d 3 . When t h e f a u l t i s a p p l i e d ,
dll,'
t o a r e d u c t i o n i n t h e r e c t i f i e r AC b u s v o I t a g e , t h e r e c t i f i e r DC v o l t a g e a n d h e n c e t h e DC c u r r e n t d e c r e a s e . The c u r r e n t c o n t r o l l e r Of t h e r e c t i f i e r , i n an a t t e m p t t o i n c r e a s e t h e c u r r e n t , r e d u c e s i t s f i r i n g a n g l e a n d h i t s t h e minimum. l i m i t .
Due t o r e d u c t i o n i n t h e DC c u r r e n t , t h e i n v e r t e r c u r r e n t c o n t r o l l e r t a k e s o v e r . D u r i n g t h e f a u l t e d p e r i o d , t h e DC c u r r e n t s e t t l e s down a t a n a v e r a g e v a l u e a s d e t e r m i n e d by V D C O L . When t h e f a u l t i s c l e a r e d a f t e r 10 c y c l e s , t h e r e c t i f i e r c u r r e n t c o n t r o l l e r t a k e s o v e r a n d t h e i n v e r t e r r e s u m e s e x t i n c t i o n a n g l e c o n t r o l .
The s t e a d y -s t a t e i s r e a c h e d w i t h i n 4 c y c l e s a f t e r t h e t r a n s i e n t s d u r i n g w h i c h t h e r e i s a n o v e r s h o o t of DC c u r r e n t . O v e r v o l t a g e s u p t o 1 . 2 pu a r e o b s e r v e d on t h e AC v o l t a g e s o f r e c t i f i e r b u s d u r i n g r e c o v e r y . The DC c u r r e n t s a n d v o l t a g e s s e t t l e a t t h e i r p r e -f a u l t v a l u e s a f t e r t h e f a u l t i s removed.
R e m o t e -t h r e e -p h a s e -g r o u n d f a u l t a t i n v e r t e r
The r e s u l t s of t h i s s t u d y a r e shown i n f i g s . 4 a n d 5. When t h e f a u l t i s a p p l i e d , d u e t o a r e d u c t i o n i n t h e r e c e i v i n g e n d DC v o l t a g e , t h e DC c u r r e n t s h o o t s u p . The r e c t i f i e r , i n a n a t t e m p t t o c o n t r o l t h e c u r r e n t , i s t r a n s i e n t l y d r i v e n i n t o t h e i n v e r t e r r e g i o n . The DC c u r r e n t t h e n r e d u c e s t o a l o w a v e r a g e v a l u e u n d e r t h e a c t i o n o f V D C O L . D u r i n g t h e f a u l t e d p e r i o d , t h e r e a r e o v e r v o l t a g e s a t t h e r e c t i f i e r b u s . When t h e f a u l t i s c l e a r e d a f t e r 10 c y c l e s , d u e t o a n i n c r e a s e i n t h e l r i v e r t e r A C bus v o l t a g e . t h e DC v o l t a g e o f t h e i n v e r t e r m o m e n t a r i l y i n c r e a s e s aria h e n c e t h e DC c u r r e n t d e c r e a s e s .
The
e n t s i n c r e a s e a n d s e t t l e down a t t h e i r p r e f a u l t v a l u e s .
S i n g l e -P h a s e -G r o u n d F a u l t A s i n g l e -p h a s e -g r o u n d f a u l t was a p p l i e d t o t h e A-phase o f t h e c o n v e r t e r b u s . T h i s f a u l t w a s a p p l i e d b o t h a t t h e r e c t i f i e r a n d i n v e r t e r e n d s , a n d t h e d u r a t i o n o f t h e f a u l t was 10 c y c l e s . S i n g l e -p h a s e -g r o u n d f a u l t a t r e c t i f i e r The r e s u l t s o f t h i s s t u d y a r e shown i n f i g s . 6 a n d 7 , When t h i s f a u l t i s a p p l i e d , t h e AC v o l t a g e o f t h e r e c t i f i e r b u s ( A -p h a s e ) r e d u c e s t o z e r o ( s e e f i g . 6 d ) . The r e c t i f i e r DC v o l t a g e a n d h e n c e t h e DC c u r r e n t a l s o r e d u c e s . The r e c t i f i e r c u r r e n t c o n t r o l l e r a t t e m p t s t o i n c r e a s e t h e DC v o l t a g e by r e d u c i n g t h e f i r i n g a n g l e of t h e r e c t i f i e r . The i n v e r t e r t a k e s c o n t r o l o f c u r r e n t a n d t h e i n v e r t e r gama t h e r e f o r e i n c r e a s e s ( s e e f i g . 7 a ) . S i n c e o n l y o n e p h a s e o f t h e r e c t i f i e r AC b 8 s i s f a u l t e d , t h e r e s u l t i n g u n b a l a n c e i n t h e p h a s e v o l t a g e s o n t h e r e c t i f i e r AC b u s g e n e r a t e s s e c o n d h a r m o n i c o s c i l l a t i o n s i n t h e DC v o l t a g e s a n d c u r r e n t s . Due t o t h i s , o s c i l l a t i o n s a p p e a r i n t h e r e c t i f i e r
f i r i n g a n g l e a n d t h e i n v e r t e r gama a l s o . When t h e f a u l t i s c l e a r e d a f t e r 1 0 c y c l e s , d u e t o t h e s u d d e n i n c r e a s e i n t h e r e c t i f i e r AC b u s v o l t a g e , t h e r e c t i f i e r DC v o l t a g e a n d c o n s e q u e n t l y t h e c u r r e n t i n c r e a s e s . The c u r r e n t c o n t r o l l e r a t t h e r e c t i f i e r a t t e m p t s t o r e d u c e t h e c u r r e n t by i n c r e a s i n g i t s f i r i n g a n g l e . D u r i n g t h e p o s t -f a u l t p e r i o d , d i s t o r t i o n s a p p e a r i n t h e AC v o l t a g e s of r e c t i f i e r a s w e l l a s t h e i n v e r t e r b u s .
The r e c o v e r y i s s l o w e d down by t h e o c c u r r e n c e o f a s i n g l e c o m m u t a t i o n f a i l u r e a t t h e i n v e r t e r . S i n g l e -p h a s e -g r o u n d f a u l t a t i n v e r t e r R e s u l t s o f t h i s s t u d y a r e shown i n f i g s . 8 a n d 9 .
When t h i s f a u l t i s a p p l i e d , d u e t o a r e d u c t i o n i n t h e AC v o l t a g e o f
t h e i n v e r t e r b u s , t h e i n v e r t e r DC v o l t a g e d e c r e a s e s .
The DC c u r r e n t t h e r e f o r e s h o o t s u p .
The r e c t i f i e r c u r r e n t c o n t r o l l e r a t t e m p t s t o r e d u c e t h e c u r r e n t by i n c r e a s i n g i t s f i r i n g a n g l e a n d t h e r e c t i f i e r t h e r e f o r e g o e s i n t o t h e i n v e r t e r r e g i o n .
The DC c u r r e n t d e c r e a s e s t o a low a v e r a g e v a l u e as d e t e r m i n e d by t h e V D C O L .
The AC v o l t a g e s o f t h e r e c t i f i e r a r e d i s t o r t e d a n d a t t a i n p e a k v a l u e s u p t o 1 . 4 pu.
A f t e r t h e f a u l t i s c l e a r e d , a t a b o u t t = 0 . 3 5 s e c . , a l t h o u g h t h e i n v e r t e r DC v o l t a g e ( f i g . 9C) s h o w s t h a t i t h a s r e c o v e r e d , t h e r e c t i f i e r DC v o l t a g e ( f i g . 8~) -&tows a d i p d u e t o a c o m m u t a t i o n f a i l u r e a t t h e i n v e r t e r . T h i s anomaly i s b e c a u s e o f t h e f a c t t h a t t h e r e c t i f i e r a n d i n v e r t e r s i d e p l o t s w e r e n o t r e c o r d e d a t t h e same i n s t a n t o f t i m e a n d a l s o b e c a u s e , a p o i n t -o n -t h e wave s e l e c t o r w a s n o t u s e d .
T h r e e -P h a s e -G r o u n d F a u l t
A t h r e e -p h a s e -t o -g r o u n d f a u l t w a s a p p l i e d to the converter AC bus.
This fault was applied both at the rectifier and inverter ends.
Three-phase-ground fault at rectifier
The results of this study are shown in figs. 10 and 11. After this fault is applied, the DC current goes to zero. When the fault is cleared after 4 cycles, the recovery is slow and there are oscillations in the DC current and voltage. The rectifier bus voltages are dist0rtt.d and overvoltages upto 1.4 pu appear on them.
Three-phase-ground fault at inverter
The rectifier and inverter side plots for this study are shown in figs. 12 and 13 respectively.
In obtaining the rectifier plots, the fault duration was 10 cycles, while in obtaining the inverter plots, the fault duration was 4 cycles.
When the fault is applied, due to a sudden reduction in the inverter DC voltage, there is overshoot in DC current of magnitude 2.5
pu. The rectifier current cont,roller attempts to reduce the DC current by increasing the firing angle of the rectifier. The rectifier therefore goes into the inverter region.
The DC current reduces to a low average value as determined by the VDCOL. The rectifier AC voltage is distorted and overvoltages upto 1.4 pu appear on them. During the faulted period, the rectifier DC voltage oscillates about zero value.
After the fault is cleared, the rectifier DC voltage transiently reverses due to commutation failure at inverter. The rectifier DC voltage and current oscillate and settle at the pre-fault values in about 1 2 cycles after the fault is cleared.
Discussion of the results
From the results given above it can be seen that, in the case of remote-three-phaseground faults and single-phase-ground faults at rectifier, a reduced but finite amount of DC power is transmitted even during the faulted period. Unbalanced faults on the rectifier side leads to a significant increase in the second harmonic component on the DC side.
Faults on the inverter end leads to a reduction in the receiving end voltage. This causes an initial overshoot in the DC current. Depending on the severity of the fault, the inverter undergoes one or more commutation failures.
The system however recovers after the fault is cleared.
During normal operation, the rectifier is under current control mode and the inverter under extinction angle control mode. During faults, when the DC currnt reduces below the current reference of the inverter, the inverter takes control of current. After the fault is cleared, the current control is transferred back to rectifier.
In general, the recovery of the DC link from inverter side faults can be problematic. The most severe fault is the three phase fault. The converter controller has to be properly tuned to speed up recovery from the fault. The speed of recovery is also dependent on the short circuit ratio at the inverter.
It is to be noted that no attempt was made t o tune the controller parameters for the system under study. The default controller parameters provided on the simulator were instead used.
CONCLUSIONS
The simulator study of a two-terminal HVDC link is decribed. The results presented demonstrate the controller performance in the recovery of the HVDC link following AC system Caults.
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